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The aggregation of secondary structure elements into motifs
provides proteins with functional sites and the building blocks for
the development of larger structures (domains) that ultimately define
a protein’s distinct three-dimensional shape.1 The helix-turn-helix,
or R-helical hairpin, motif is one of the simplest found in nature,
variants of which form the DNA-binding2 and calcium-binding
motifs.3 Here we report studies of the conformations of the peptide
Ac-A14KG3A14K + 2H+ (Ac ) acetyl, A ) alanine, K) lysine,
and G) glycine) which was designed to adopt a model helix-
turn-helix motif in the gas phase. Experimentally, we find three
distinct geometries for this peptide, the dominant being an arrange-
ment with two helical alanine sections, linked by a glycine loop,
in an antiparallel coiled-coil arrangement, see Figure 1a. When the
temperature is raised above 360 K the helices uncouple and become
uncorrelated while the loop region randomizes. We have determined
∆H° and ∆S° for this couplinga uncoupling transition, which
represents the simplest step in the aggregation of secondary structure
elements.

Studies of unsolvated peptides provide information about the
intramolecular interactions important in protein folding.4-6 These
studies are particularly relevant to membrane proteins, where our
knowledge is much less well developed than for globular proteins.
In the present work we have used ion mobility measurements to
probe the conformations of model peptides. The mobility of an ion
in a weak electric field provides a measure of its average collision
cross section. Small, compact structures undergo fewer collisions
with the buffer gas and travel more rapidly than larger structures.
Structural assignments are made by comparing cross sections
obtained from the experiments to those determined from molecular
dynamics simulations. The Ac-A14KG3A14K + 2H+ peptide was
designed to form two helices connected by a glycine loop.
Unsolvated Ac-A14K + H+ peptides are known to form helices.7

The helical conformation is stabilized by favorable interactions
between the charge and the helix dipole and by capping the
C-terminus with the protonated lysine side chain.8-10 Glycine was
chosen to make the G3 loop linking the two helical A14K units
together because it has a low helix propensity (both in solution
and in the gas phase).11,12

Ac-A14KG3A14K was synthesized using an Applied Biosystems
Model 433A peptide synthesizer withFastMocchemistry. Mobility
measurements were performed on custom-built apparatus that
consists of an electrospray source, a temperature-variable drift tube,
a quadrupole mass spectrometer, and a detector.13 Drift time
distributions (DTDs) are measured by injecting 100µs pulses of
ions into the drift tube and recording their arrival time distributions
at the detector. DTDs recorded for Ac-A14KG3A14K + 2H+ are
shown in Figure 1. At low temperatures there are three major peaks
(the small peak at around 6.8 ms is an artifact). The peak with the
longest drift time disappears at around 230 K. Two peaks are present
at room temperature, but at around 350 K they coalesce into a single
peak which then starts to move to longer drift times as the
temperature is raised further.

Molecular dynamics (MD) simulations were performed to assign
the features in the DTDs to specific conformations. The simulations
were carried out with the MACSIMUS molecular modeling suite,14

using the CHARMM (21.3) force field15 and a dielectric constant
of 1.0 (which is appropriate for small unsolvated peptides). Average
cross sections were obtained from the final 35 ps of each simulation
using an empirical correction to the exact hard spheres scattering
model.16 The average cross section is expected to be within 2% of
the experimentally determined cross section if the conformation is
correct. A large number of constant temperature and simulated
annealing17 runs were performed, starting from a wide range of
different conformations (including fully collinear helix, fully linear
string, half-helix and half-linear string, and coiled-coil). The charges
were located on the lysine side chains.

Two major groups of conformations emerged from the simula-
tions: a coiled-coil, an example of which is shown in Figure 1a,
and an extended helical conformation represented by Figure 1c.
The coiled-coil has two helical sections aligned antiparallel. This
conformation is stabilized by favorable electrostatic interactions
between the helices and by interactions between the carboxylic acid
group at the C-terminus and the amide group(s) at the N-terminus.
In the simulations, the interhelical angle fluctuates between 0° and

Figure 1. Drift time distributions recorded for Ac-A14KG3A14K + 2H+

(solid lines) and Ac-A14KSar3A14K + 2H+ (dotted line) and the conforma-
tions derived from molecular dynamics simulations that are believed to be
responsible for the three main features observed in the experimental
distributions: (a) coiled-coil, (b) exchanged lysine, and (c) extended helical
conformation. The images were produced using ViewerLite (Accelrys, Inc.,
San Diego, CA). The red regions areR-helical.
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20° on a ps time scale. This range of angles is consistent with the
“ridges in grooves” model of coiled-coils.18 The other major group
of conformations found in the simulations is the extended helix
shown in Figure 1c. The extended helix is distorted near its midpoint
by the lysine side chain. The coiled-coil is around 30 kJ mol-1

lower in energy than the extended helix in the simulations and has
a calculated cross section that matches the measured value for the
dominant feature in the DTDs. The cross section for the extended
conformation is close to matching that for the feature with the
longest drift time (the one that disappears at around 230 K). Another
plausible arrangement is an un-kinked extended helix generated
by shifting a proton from the middle lysine to the backbone carbonyl
group nearest the C-terminus. However, the cross section for this
arrangement is in slightly worse agreement with experiment.

The MD simulations did not reveal any low-energy conforma-
tions that could account for the middle feature in the DTDs (the
one that survives to around 350 K). What we believe to be the
most likely assignment for this feature is shown in Figure 1b. This
structure has exchanged lysines: the lysine from one A14K unit
interacts with the C-terminus of the other. A high temperature,g600
K, is required to form this conformation in the simulations, and
once formed, temperaturesg800 K are required to disrupt it (these
temperatures are artificially elevated by the short time scale of the
simulations). The exchanged structure is around 50 kJ mol-1 higher
in energy than the coiled-coil (at least partly because of unfavorable
electrostatic interactions). The most likely scenario is that some
peptides become trapped in this high-energy conformation either
during the desolvation process or when the ions are collisionally
heated as they enter the drift tube. Once formed, relatively high
temperatures are required to anneal them away. The exchanged-
lysines motif has been invoked to explain the formation of some
noncovalent peptide complexes.19

The assignments described above were confirmed by studies of
Ac-A14KSar3A14K + 2H+ (Sar) sarcosine; glycine with a methyl
group blocking the amide nitrogen so that it cannot form helical
hydrogen bonds). For the sarcosine analogue, the coiled-coil and
extended conformation (which is less abundant than for Ac-A14-
KG3A14K + 2H+) are present but the exchanged conformation is
missing (see dotted line in Figure 1). This is consistent with MD
simulations for Ac-A14KSar3A14K + 2H+, where the exchanged
conformation was not spontaneously generated at elevated tem-
peratures, and when forced into this conformation it promptly
annealed away at a relatively low temperature. Coiled-coils and
extended conformations were found in the Ac-A14KSar3A14K +
2H+ simulations, and their cross sections closely match those for
the two features evident for this peptide in Figure 1.

At temperatures above around 360 K there is only a single
relatively narrow peak in the DTD which shifts to a larger cross

section with increasing temperature. This behavior suggests that
the helices in the coiled-coil are becoming uncoupled and spending
part of their time in a random orientation relative to each other.
The position of the measured peak with respect to the positions
expected for the coiled-coil and the average uncoupled arrangement
provides a measure of the amount of time spent in each configu-
ration, which is equivalent to the equilibrium constant. Equilibrium
constants determined in this way for the couplinga uncoupling
transition for the Ac-A14KG3A14K + 2H+ coiled-coil are shown in
Figure 2, where lnK is plotted against 1/T. The slope of this van’t
Hoff plot yields∆H° ) -45 kJ mol-1 and the intercept yields∆S°
) 114 J K-1 mol-1. -∆H° is essentially the enthalpy change for
docking the two helices together, the value of 45 kJ mol-1 found
here is mainly due to electrostatic and van der Waals interactions
because there are no specific chemical interactions binding the
helices together in this peptide.∆S° is essentially the entropy change
for freeing up the glycine loop. The backbone entropy of glycine
has previously been estimated to be around 28 J K-1 mol-1,20 3 ×
28 ) 84 J K-1 mol-1, which is reasonably close to the∆S° ) 114
J K-1 mol-1 determined here. The discrepancy may be due to
fraying at the ends of the helix. The approach described here
provides a framework to dissect the interactions responsible for
the stability of the helix-turn-helix motif by making substitutions
along the lengths of the helices and to the loop region. We intend
to explore these avenues.
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Figure 2. Plot of ln K against 1/T for the coupling a uncoupling
equilibrium for the Ac-A14KG3A14K + 2H+ coiled-coil.
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